Introduction {#S1}
============

Lactic acid bacteria (LAB) include several species, which are extensively used as starters in dairy fermentations ([@B76]). Among them, *Streptococcus thermophilus* constitutes a major starter for the dairy industry. It is primarily used in the production of yogurt, alongside with *Lactobacillus delbrueckii* subsp. *bulgaricus*, but also in the production of several cheese varieties, such as Feta and Mozzarella ([@B107]; [@B109]; [@B5]). *S. thermophilus* is the only species which was granted the generally recognized as safe (GRAS) status according to the [@B44] and the qualified presumption of safety (QPS) status according to the [@B41] within the *Streptococcus* genus, which consists mainly of commensals and pathogenic species. As it is attested by the large number of pseudogenes identified in the genomes of the *S. thermophilus* strains sequenced so far, the species has undergone significant genome decay probably due to its adaptation to the dairy environment, which is particularly rich in nutrients ([@B14]; [@B61]; [@B52]). The regressive evolution of the species has led to genome reduction and simplification of its metabolism ([@B92]). The latter is reflected in the deterioration of genes involved, among others, in sugar utilization. *S. thermophilus* has also lost typical streptococcal pathogenic features presumably through strain selection during domestication toward a starter culture ([@B14]; [@B61]; [@B52]; [@B102]). Furthermore, the protocooperation with *L. bulgaricus* during the production of yogurt has further shaped the metabolic properties of *S. thermophilus* toward this symbiotic relationship ([@B92]).

Typical technological features of *S. thermophilus*, such as milk acidification, lactose and galactose utilization, proteolytic activity and exopolysaccharide (EPS) production, contribute in shaping the organoleptic characteristics of the final products ([@B25]). In addition, the stress responses of the species define its performance under the unfavorable conditions prevailing during food production ([@B144]; [@B25]). *S. thermophilus* also carries Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs)-CRISPR associated (Cas) (CRISPR-Cas) and restriction-modification (R-M) systems, which may contribute to competitiveness in microbial food ecosystems and resistance against bacteriophages and other parasitic DNA ([@B62]; [@B35]). Moreover, genes in genomic islands (GIs), which have been acquired most probably through horizontal gene transfer (HGT) events, may ascribe a number of adaptive traits to *S. thermophilus* and could be related to technological characteristics, such as EPS production, bacteriocin biosynthesis, and protocooperation ([@B86]; [@B39]).

Another topic that has attracted some attention concerning *S. thermophilus* was the biodiversity of strains within the species. Original studies used typing techniques like random amplification of polymorphic DNA-PCR (RAPD-PCR) or pulsed-field gel electrophoresis (PFGE), while more recent ones used multilocus sequence typing (MLST) ([@B97]; [@B51]; [@B94]; [@B40]; [@B32], [@B34]; [@B143]). Application of MLST in *S. thermophilus* had to be optimized to increase discriminating power, given the fact that the species may exhibit limited genetic variability ([@B34]). In this study the authors reported 116 sequence types and the existence of groups of strains based on phylogenetic analysis of concatenated sequences of housekeeping genes. Additional analysis revealed clustering of strains based on core genome and CRISPR spacer analysis of 25 sequenced strains (both complete and partial). The authors reported that the clustering based on MLST and whole genome analysis was in agreement but differed from that of CRISPR analysis. With the MLST scheme developed and the wide sample of *S. thermophilus* strains (*n* = 178), it was feasible to detect relationship between strains and geographic location.

Furthermore, due to the economic importance of *S. thermophilus* as a starter, a number of groundbreaking studies have been conducted in an attempt to elucidate the genetic basis behind the physiological and the metabolic properties of the species, which define its technological and probiotic potential. Comparative genomics of *S. thermophilus* was carried out early on and provided significant information about its adaptation to the milk environment and technological traits ([@B14]; [@B61]; [@B52]). However, these studies relied only on a limited number of genome sequences. The current accumulation of completely sequenced *S. thermophilus* genomes can increase the predictive power of comparative analysis and enhance the interpretation of the acquired data about the genome architecture, functionality and evolution. Furthermore, the advancement of bioinformatics tools and the demand of the dairy industry for novel starter strains render an updated analysis of the species essential. In the present study, the results of an in depth analysis of 23 complete *S. thermophil*us genomes are presented, focusing on main technological features of the species.

Materials and Methods {#S2}
=====================

Strains {#S2.SS1}
-------

The 23 *S. thermophilus* genomes designated as "complete" up to RefSeq release 88, were selected for analysis in this study ([Table 1](#T1){ref-type="table"}). The majority of *S. thermophilus* strains have been isolated from yogurt (strains LMG 18311, CNRZ1066, LMD-9, MN-ZLW-002, MN-BM-A01, KLDS SM, KLDS 3.1003, and ACA-DC 2) and milk (strains JIM 8232, SMQ-301, ND03, ND07, B59671, EPS, GABA, and NCTC12958^T^). Furthermore, three isolates, namely strains S9, MN-BM-A02, and CS8, derived from traditional Chinese dairy products. More specifically, MN-BM-A02 was isolated from Fan, a traditional Chinese cheese-like product, while CS8 from Rubing, a Chinese fresh goat milk cheese. Finally, strains APC151 and ST3 were isolated from fish intestine and commercial dietary supplements, respectively.

###### 

*Streptococcus thermophilus* strains with complete genomes analyzed in this study.

  **Strain**     **GenBank accession**   **Isolation source**             **Sequencing technology**         **References**
  -------------- ----------------------- -------------------------------- --------------------------------- ----------------
  LMG 18311      NC_006448               Commercial yogurt                Random shotgun sequencing         [@B14]
  CNRZ1066       NC_006449               Commercial Yogurt                Random shotgun sequencing         [@B14]
  LMD-9          NC_008532               Yogurt                           Whole-genome shotgun sequencing   [@B89]
  ND03           NC_017563               Naturally fermented yak milk     454; Solexa                       [@B129]
  JIM 8232       NC_017581               Raw milk                         SOLiD; Sanger                     [@B33]
  MN-ZLW-002     NC_017927               Traditional yogurt block         454; Solexa                       [@B74]
  ASCC 1275      NZ_CP006819             --                               454                               [@B139]
  SMQ-301        NZ_CP011217             Milk                             Illumina; PacBio                  [@B77]
  MN-BM-A02      NZ_CP010999             Dairy fan                        454 GS FLX                        [@B122]
  MN-BM-A01      NZ_CP012588             Traditional yogurt block         PacBio RS                         [@B11]
  KLDS 3.1003    NZ_CP016877             Traditional yogurt               Illumina                          [@B42]
  ACA-DC 2       NZ_LT604076             Traditional yogurt               Illumina HiSeq2500; PacBio RSII   [@B3]
  APC151         NZ_CP019935             Fish intestine                   PacBio RS                         [@B84], [@B83]
  B59671         NZ_CP022547             Raw milk                         PacBio RS                         [@B110]
  KLDS SM        NZ_CP016026             Traditional yogurt               Illumina                          [@B81]
  DGCC 7710      NZ_CP025216             Dairy culture                    Illumina MiSeq; PacBio RS         [@B59]
  S9             NZ_CP013939             Traditional dairy                PacBio                            --
  CS8            NZ_CP016439             Rubing                           PacBio                            --
  ND07           NZ_CP016394             Naturally fermented yak milk     PacBio RSII                       --
  EPS            NZ_CP025400             Milk                             PacBio RS                         --
  GABA           NZ_CP025399             Milk                             PacBio RS                         --
  ST3            NZ_CP017064             Commercial dietary supplements   PacBio RS                         --
  NCTC12958^T^   NZ_LS483339             Milk                             --                                --

Comparative and Evolutionary Genomics {#S2.SS2}
-------------------------------------

ProgressiveMauve was used for the whole genome alignment of the 23 *S. thermophilus* strains analyzed in this study ([@B26]). GenSkew online application was employed in the evaluation of the chromosomal inversions in strains EPS, MN-BM-A01, and MN-ZLW-002^[1](#footnote1){ref-type="fn"}^. The pan/core genome analysis was performed with the bacterial pan genome analysis (BPGA) pipeline v.1.3 using USEARCH v.9.2.64 for clustering gene families ([@B36]) with a 60% sequence identity cut-off and 20 random permutations of genomes to avoid any bias in the sequential addition of new genomes. The protein coding sequences assigned in the core, accessory and unique gene families were further analyzed for clusters of orthologous groups (COG) categories within the BPGA pipeline ([@B19]). Alternatively, protein coding sequences of *S. thermophilus* strains were also analyzed for COG categories with the eggnog-mapper based on eggNOG v.4.5 orthology database, as highlighted in the text ([@B66], [@B65]). The EDGAR tool was also employed to assist analysis of orthologs whenever necessary, as well as for core genome phylogenetic analysis among *S. thermophilus* strains ([@B13]). For the latter, the alignments of the core gene sets were executed with MUSCLE and concatenated to one complete core alignment, which was used to generate the phylogenetic tree by the neighbor-joining method as implemented in the PHYLIP package. The consensus tree topology was verified by 100 bootstrap iterations. The EDGAR software was also exploited for the investigation of the relatedness among *S. thermophilus* strains through the construction of average nucleotide identity (ANI) heat map. The ANI values were computed as described by [@B53] and as implemented in the JSpecies package ([@B113]). The resulting phylogenetic distance values were arranged in an ANI matrix, clustered according to their distance patterns and visualized as a color-coded heatmap, with dark and light orange for high and low similarity regions, respectively. Box Plot Generator was employed for the visualization of genome size differences between the two clusters of the *S. thermophilus* strains^[2](#footnote2){ref-type="fn"}^. Statistical differences in genome size were accessed with the Mann--Whitney *U* Test for *p* \< 0.05. The quality of the genome assemblies was evaluated with the microbial genomes atlas (MiGA) webserver ([@B116]). The COG frequency and the accessory genes presence/absence heatmaps were generated with the RStudio using the heatmap.2 function included in the Gplots package^[3](#footnote3){ref-type="fn"}^. Kyoto encyclopedia of genes and genomes (KEGG) orthology and links Annotation (KOALA) was employed for K number assignment to *S. thermophilus* protein coding sequences ([@B73]), while KEGG Mapper tools were exploited for further processing of KO annotations ([@B72]). The PHASTER web server was used for the identification of putative prophages ([@B9]). The comparison of the EPS gene clusters was performed with the Easyfig tool ([@B128]). The transporters were determined using the TransportDB database ([@B38]). The CRISPRs were identified with CRISPRFinder web tool ([@B54]), while comparison of the predicted spacers was performed with CD-HIT Suite ([@B64]). The REBASE database was used for verifying the R-M systems ([@B115]). Finally, the GIs were obtained through the IslandViewer 4 web-based resource ([@B12]). For our analysis, GIs characterized as integrated by the IslandViewer tool were analyzed.

Results and Discussion {#S3}
======================

General Genomic Features {#S3.SS1}
------------------------

The general genome features of the 23 *S. thermophilus* strains used in this study are presented in [Table 2](#T2){ref-type="table"}. The chromosome length of the strains ranges between 1.73 and 2.10 Mbp, with an average of 1.85 Mbp, while the % GC content is around 39.0. The number of genes varied between 1,847 and 2,237 including protein coding sequences that varied between 1,555 and 1,854. The percentage of pseudogenes ranged between 9.64 and 13.97%. These variations in genome size, gene and pseudogene content indicate important differences in both gene gain and gene loss events during the evolution of the different strains. It has been previously reported that *S. thermophilus* owns some of the smallest genomes within streptococci while *Streptococcus salivarius* some of the largest ([@B31]). Based on the complete genome sequences within the salivarius group we found that the percentage of pseudogenes of *S. salivarius* (12 complete genomes) may reach up to 4% while the percentage of pseudogenes of *Streptococcus vestibularis* NCTC12167, the only strain with a complete genome, was around 8%. These findings suggest a variable degree of evolution through genome decay within the group. Beyond the salivarius group, high percentages of pseudogenes have also been reported for *Streptococcus macedonicus* and *Streptococcus infantarius* that are also associated with the dairy environment ([@B68]; [@B103]). A high number of pseudogenes has also been reported for certain strains of *Streptococcus pneumoniae* (see for example the studies by [@B71]; [@B119]). Interestingly, extensive genome decay seems to be compatible with adaptation in milk ([@B14]; [@B61]; [@B68]; [@B103]) or a pathogenic lifestyle ([@B79]). Obviously more research is needed to appreciate the strains/species within streptococci that have evolved through reductive processes and to test whether this evolution path can be correlated with the niches they occupy.

###### 

General genome features of *S. thermophilus* strains with complete genomes analyzed in this study.

  **Strain**     **Genome size (bp)**   **GC (%)**   **Genes**   **Proteins**   **rRNA**   **tRNA**   **Pseudogenes (% of pseudogenes)**   **Predicted essential genes^1^**   **Genome completeness (%)^2^**   **Corrected genome completeness (%)^3^**
  -------------- ---------------------- ------------ ----------- -------------- ---------- ---------- ------------------------------------ ---------------------------------- -------------------------------- ------------------------------------------
  NCTC12958^T^   2,102,271              39.0         2,237       1,854          15         56         308 (13.77)                          106                                95.5                             100.0
  JIM 8232       1,929,905              38.9         2,033       1,748          18         67         196 (9.64)                           104                                93.7                             98.1
  KLDS 3.1003    1,899,956              38.9         2,037       1,676          18         68         271 (13.30)                          105                                94.6                             99.1
  MN-BM-A01      1,876,516              39.1         2,023       1,661          18         67         273 (13.49)                          104                                93.7                             98.1
  ND07           1,869,510              39.0         1,996       1,684          15         57         236 (11.82)                          105                                94.6                             99.1
  ST3            1,865,056              39.0         1,982       1,638          18         69         253 (12.76)                          106                                95.5                             100.0
  SMQ-301        1,861,792              39.1         1,993       1,684          18         67         220 (11.04)                          106                                95.5                             100.0
  GABA           1,857,468              39.1         1,952       1,621          18         68         241 (12.35)                          106                                95.5                             100.0
  KLDS SM        1,856,787              39.1         1,984       1,671          18         67         224 (11.29)                          106                                95.5                             100.0
  LMD-9          1,856,368              39.1         1,993       1,674          18         67         230 (11.54)                          105                                94.6                             99.1
  DGCC 7710      1,851,207              39.0         1,962       1,657          15         56         230 (11.72)                          106                                95.5                             100.0
  MN-BM-A02      1,850,434              39.0         1,977       1,677          15         57         224 (11.33)                          106                                95.5                             100.0
  MN-ZLW-002     1,848,520              39.1         1,982       1,695          15         57         211 (10.65)                          105                                94.6                             99.1
  ASCC 1275      1,845,495              39.1         1,974       1,666          15         55         234 (11.85)                          106                                95.5                             100.0
  APC151         1,839,134              39.1         1,982       1,687          18         67         206 (10.39)                          106                                95.5                             100.0
  ND03           1,831,949              39.0         1,968       1,692          15         57         200 (10.16)                          105                                94.6                             99.1
  B59671         1,821,173              39.1         1,925       1,567          18         67         269 (13.97)                          106                                95.5                             100.0
  EPS            1,812,305              39.0         1,937       1,608          18         67         240 (12.39)                          106                                95.5                             100.0
  LMG 18311      1,796,846              39.1         1,925       1,621          18         67         215 (11.17)                          105                                94.6                             99.1
  CNRZ1066       1,796,226              39.1         1,936       1,638          18         67         209 (10.80)                          106                                95.5                             100.0
  CS8            1,791,656              39.0         1,924       1,641          15         57         207 (10.76)                          106                                95.5                             100.0
  S9             1,787,436              39.1         1,922       1,630          18         67         203 (10.56)                          106                                95.5                             100.0
  ACA-DC 2       1,731,838              39.2         1,847       1,555          15         56         217 (11.75)                          106                                95.5                             100.0

Cluster A strains start with strain JIM 8232 and end with strain ND03. Cluster B strains start with strain B59671 and end with strain ACA-DC 2.
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Fourteen out of 23 strains carry 18 rRNA genes and the rest carry 15. Interestingly, strains with 18 rRNA genes also own a higher number of tRNA genes (ranging from 67 to 69) compared to strains with 15 rRNAs which own fewer tRNA genes (ranging from 55 to 57). A general comment that can be made about this difference is that strains with a higher number of rRNA and tRNA genes could potentially exhibit a higher growth/metabolic rate ([@B137]).

Comparison of the chromosomal architecture of the 23 *S. thermophilus* strains was performed through full-length sequence alignments ([Supplementary Figure S1](#SM14){ref-type="supplementary-material"}). All strains were synchronized from the *dnaA* so as to simplify the alignment. Analysis revealed a high degree of conservation among different strains. However, strain-specific differences could also be detected. More specifically, low similarity regions, represented as white regions inside the local collinear blocks (LCBs), were found in all strains. Furthermore, many unique regions, represented as blank spaces between the LCBs, were also identified in all strains. In strain EPS a large inversion (1.47 Mbp) was present, while in strains MN-BM-A01 and MN-ZLW-002, a ∼300 kbp inverted region was identified between coordinates 768,310--1,068,868 and 740,416--1,040,999 bp, respectively. These inversions could be either genuine or could be ascribed to assembly artifacts. If the first is true, our observations may correspond to an inversion around the origin of replication for strain EPS, or to an inversion around the terminus of replication for strains MN-BM-A01 and MN-ZLW-002. Such inversions have been described before for bacterial genomes as part of their evolution ([@B37]; [@B27]; [@B112]).

Pan/Core Genome Analysis and Phylogenomics {#S3.SS2}
------------------------------------------

The pan genome of the 23 *S. thermophilus* strains contains a total number of 2,516 genes, including 1,082 and 997 genes in the core and accessory genomes, respectively ([Figure 1A](#F1){ref-type="fig"}). The number of genes in the accessory genome of each strain varied between 432 and 568 and a total of 437 unique genes (singletons) were identified in 14 strains ([Supplementary Table S1](#SM1){ref-type="supplementary-material"} and [Figure 1A](#F1){ref-type="fig"}). According to BPGA analysis, the *b* value of 0.14 in the power-law regression model is indicative of an open pan genome for *S. thermophilus* that is probably going to be closed soon ([Figure 1B](#F1){ref-type="fig"}). This may also be supported by the fact that within the total of unique genes identified in *S. thermophilus* strains, 71% belong to three strains, namely KLDS 3.1003 (*n* = 41), JIM 8232 (*n* = 67), and NCTC12958^T^ (*n* = 204), while strains APC151, ASCC 1275, CNRZ1066, CS8, MN-BM-A01, MN-BM-A02, ND03, ND07, and S9 have no unique genes ([Supplementary Tables S1](#SM1){ref-type="supplementary-material"}, [S2](#SM2){ref-type="supplementary-material"}). BPGA analysis also revealed the number of exclusively absent genes per strain ([Supplementary Table S1](#SM1){ref-type="supplementary-material"}). Core, accessory and unique genes were further classified into COG categories, as implemented within the BPGA pipeline ([Supplementary Figure S2](#SM15){ref-type="supplementary-material"}). The analysis revealed that approximately 90% of the core, 60% of the accessory and 40% of the unique genes were assigned to various COG categories, with the rest having no prediction. We then excluded the poorly characterized categories R and S from further analysis. The majority of core genes encode proteins involved primarily in housekeeping and metabolic processes. The three most abundant COG categories were J (translation, ribosomal structure, and biogenesis, 12.7%), E (amino acid transport and metabolism, 11.8%), and L (replication, recombination, and repair, 7.3%). In the case of the accessory and unique genes the categories with the highest percentages included categories E, L, and K (transcription) and L, K, and V (defense mechanisms), respectively. In general, accessory and unique genes encoded among others transposases, Cas proteins, R-M systems, glycosyltranferases, polysaccharide biosynthesis proteins, amino acid biosynthesis proteins, proteolytic enzymes, stress related proteins, as well as transporters which may contribute to strain-specific technological traits (please see below).

![Graphical presentation of core genome (inner black circle), accessory genome (middle gray circle) and unique genes (outer multicolored circle) of the 23 *S. thermophilus* strains. The number of unique genes for each strain is presented in the parentheses **(A)**. Pan and core genome plots of *S. thermophilus* strains analyzed **(B)**.](fmicb-10-02916-g001){#F1}

The phylogenetic relationship among the *S. thermophilus* strains was determined based on the core genome of the strains and revealed two main clusters containing 15 (APC151, ASCC 1275, DGCC 7710, GABA, JIM 8232, KLDS 3.1003, KLDS SM, LMD-9, MN-BM-A01, MN-BM-A02, MN-ZLW-002, ND03, ND07, SMQ-301, and ST3; cluster A) and seven (ACA-DC 2, B59671, CNRZ1066, CS8, EPS, LMG 18311, and S9; cluster B) strains, respectively, while strain NCTC12958^T^ was placed separately ([Figure 2](#F2){ref-type="fig"}). Moreover, the ANI phylogenetic tree had practically an identical topology to that of the phylogenetic tree ([Figure 3](#F3){ref-type="fig"}). There was only one exception with strain KLDS 3.1003 being placed in cluster B. A more detailed inspection of the potential differences between strains in the two clusters revealed that cluster A strains had larger genomes beyond 1.83 Mbp, while those in cluster B had smaller genomes ([Table 2](#T2){ref-type="table"} and [Supplementary Figure S3](#SM16){ref-type="supplementary-material"}). This difference was found to be statistically significant (*p* \< 0.05) suggesting that strains in the two clusters may have been separated by distinct gene gain and/or gene loss events. Within these two main clusters, subgroups of *S. thermophilus* strains could also be identified during both phylogenetic and ANI analysis. These subgroups include strains ASCC 1275, DGCC 7710, KLDS SM, MN-BM-A02, and ND07 (subgroup AI), MN-BM-A01 and MN-ZLW-002 (subgroup AII), LMD-9 and SMQ-301 (subgroup AIII), APC151 and ND03 (subgroup AIV), and finally CNRZ1066, CS8, EPS, and S9 (subgroup BI) ([Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}). As already mentioned, core genome phylogeny was also previously performed in a dataset of 25 *S. thermophilus* strains employing genomes sequenced to a variable degree of completeness ([@B34]). In this study 1,311 core proteins were reported. Of note, an earliest study was performed based on three *S. thermophilus* genome sequences reporting 1,487 core genes ([@B78]). Our core genome was estimated to consist of 1,082 core proteins. This may suggest a more stringent selection of core proteins during our analysis. Despite the fact that several different strains were analyzed in our study and the study by [@B34], phylogenetic clustering of strains exhibited similarities supporting more or less the distinction we propose between cluster A and B strains and the subgroups observed within them. Differences in the topology of the two phylogenetic trees can be attributed to the different dataset of genomes analyzed as well as the different methods employed to construct the trees. The fact that we concentrated our analysis solely on strains with complete genome sequences presents an important advantage, since we were able to support clustering of strains based on the comparative genomic analysis of additional genomic traits as follows. Completeness of genome sequence is of utmost importance when the presence/absence of specific loci or their exact organization are the main factors for strain diversification.

![Core genome phylogenetic tree of the 23 *S. thermophilus* strains. Strains were grouped in two clusters **(A,B)**. Subgroups within the clusters are also highlighted (AI, AII, AIII, AIV, and BI). *S. salivarius* NCTC 8618 was used as an outgroup. For branches with less than 50% bootstrap support the bootstrap values are not shown.](fmicb-10-02916-g002){#F2}

![Average nucleotide identity (ANI) phylogenetic tree and heat map visualization of the 23 *S. thermophilus* strains.](fmicb-10-02916-g003){#F3}

The subgroups mentioned above appeared at high ANI values (\>99.9%) which may suggest relatively subtle genomic differences. Such differences may indicate that strains of the same subgroup may be very similar but may deviate from the strict definition of clones. However, clonal relationships may be masked among strains due to aberrations in genome assembly that may come into play at such high ANI values ([@B17]). To avoid this pitfall, we investigated the quality of the assemblies of all *S. thermophilus* genomes analyzed in this study using the MiGA webserver ([Table 2](#T2){ref-type="table"}). Our analysis indicated that from the list of the 111 essential genes used to access genome completeness by MiGA, five (i.e., *glyS*, *proS*, *pheT*, *nhaD*, and *rpoC1*) were systematically missing from all *S. thermophilus* genomes. This observation suggested that they do not belong to the gene pool of the species, which is also supported by data presented previously for essential genes in Firmicutes ([@B2]). We thus corrected the completeness score of the genomes by calculating a total of 106 essential genes. Fifteen genomes received 100% genome completeness. Five genomes missed only *secE*, two missed *secE* plus an additional gene (*rpiX* or *uvrb*) and one missed only *ychF* receiving scores above 98.1%. The presence/absence frequency of *secE* may indicate that it is an accessory gene for *S. thermophilus*. In all cases the completeness scores of *S. thermophilus* genomes suggest perfect or nearly perfect assemblies. This is also corroborated by the quality scores for the genome assemblies that were all found "excellent" by MiGA webserver.

Hierarchical clustering of the COG frequency heat map generated for all *S. thermophilus* strains also supported the existence of the clusters and subgroups mentioned above, with minor alterations ([Figure 4](#F4){ref-type="fig"}). Strains GABA and B59671 were placed in opposite clusters, while strains of the BI subgroup were associated more loosely (i.e., not forming a distinct subgroup). The most abundant category in all strains was E, followed by J and L. The prevalence of the E category may support adaptation of *S. thermophilus* to milk and the necessity of the organism to use amino acids from the environment.

![Clusters of orthologous groups (COG) frequency heat map based on a two-dimensional hierarchical clustering. The horizontal axis corresponds to the percentage frequency of proteins involved in the respective COG functional categories: Information storage and processing: translation, ribosomal structure, and biogenesis (J), transcription (K), replication, recombination, and repair (L); cellular processes and signaling: cell cycle control, cell division, chromosome partitioning (D), cell wall/membrane/envelope biogenesis (M), cell motility (N), post-translational modification, protein turnover, chaperones (O), signal transduction mechanisms (T), intracellular trafficking, secretion, and vesicular transport (U), defense mechanisms (V); metabolism: energy production and conversion (C), amino acid transport and metabolism (E), nucleotide transport and metabolism (F), carbohydrate transport and metabolism (G), coenzyme transport and metabolism (H), lipid transport and metabolism (I), inorganic ion transport and metabolism (P), secondary metabolites biosynthesis, transport and catabolism (Q). The vertical axis shows the 23 *S. thermophilus* strains. Strains were grouped in two clusters **(A,B)**. Subgroups within the clusters are also highlighted (AI, AII, AIII, AIV, and BI). Categories R and S, concerning poorly characterized proteins, were not included in the analysis.](fmicb-10-02916-g004){#F4}

The presence/absence heat map of the accessory genes of *S. thermophilus* strains supported once again the existence of clusters A and B ([Figure 5A](#F5){ref-type="fig"}). The analysis allowed the identification of genes, which may contribute to the grouping of the strains. As shown in the horizontal axis of the heat map, genes within clusters 4 and 6 are characteristic of clusters B and A, respectively. Moreover, genes of clusters 1, 2, 3, 5, and 4 seem to be present in specific subgroups, namely AII, AIV, AIII, AI, and BI, respectively. Further analysis of the accessory proteins, specifically of those involved in metabolic processes, revealed that cluster A strains (including NCTC12958^T^) carry the entire set of genes responsible for the biosynthesis of histidine that are basically absent from cluster B ([Figure 5B](#F5){ref-type="fig"}). Based on these findings it is plausible to state that strains of *S. thermophilus* exhibit lineage-type relationships.

![Presence/absence heat map and two-dimensional hierarchical clustering of the 23 *S. thermophilus* strains accessory genome **(A)**. Colored areas represent the presence of genes in the respective *S. thermophilus* strains, while white areas indicate the absence of genes. Accessory genes clustered according to their presence in specific subgroups or clusters of strains (gene clusters 1 to 6) are highlighted with red frames on the *x* axis. The presence of a specific gene cluster in cluster A or B as well as specific subgroups of strains is highlighted with blue or black frames, respectively. Presence/absence heat map and hierarchical clustering of *S. thermophilus* strains based on accessory genes with clusters of orthologous groups (COG) assignment involved in metabolism (categories C, E, F, G, H, I, P, and Q) **(B)**. Colored areas represent the presence of genes in the respective *S. thermophilus* strains, while white areas indicate the absence of genes. Genes implicated in the biosynthesis of histidine are highlighted with a black frame. Of note, panel **(B)** is a composite figure of an excel generated table manually colored, while clustering was exported from RStudio. This was necessary to achieve clustering of genes grouped based on COG categories.](fmicb-10-02916-g005){#F5}

Lactose and Galactose Metabolism {#S3.SS3}
--------------------------------

*Streptococcus thermophilus* ferments preferentially lactose over glucose ([@B49]). Lactose is the main carbohydrate of milk and therefore constitutes the primary carbon and energy source for *S. thermophilus*, due to the adaptation of the microorganism to this particular niche ([@B14]; [@B61]; [@B52]). The genes implicated in the fermentation of lactose and galactose are organized in two adjacent operons (*galRKTEM-lacSZ*) ([@B135]). We found the complete locus in all *S. thermophilu*s strains analyzed, with the exception of three strains in which *lacS* (strains B59671 and KLDS 3.1003) or *galR* (strain NCTC12958^T^) are putative pseudogenes ([Supplementary Table S3](#SM3){ref-type="supplementary-material"}). The importance of these inactivations needs to be experimentally investigated, but the high degree of conservation of the *gal-lac* gene clusters among the different *S. thermophilus* strains, both at sequence and organization levels, reveals its importance in the catabolism of lactose in milk. Apart from *galE* coding for the enzyme UDP-glucose 4-epimerase that is located in the Leloir gene cluster, a second or even a third distal *galE* gene was identified in certain strains ([Supplementary Table S3](#SM3){ref-type="supplementary-material"}). It has been demonstrated that the activity of this enzyme is positively correlated with the biosynthesis of precursors for EPS production in EPS producing Gal^--^ *S. thermophilus* strains ([@B30]). Furthermore, the galactose moiety generated by the hydrolysis of lactose is translocated outside the cell via the dedicated antiporter LacS, which is implicated in the uptake of lactose in exchange to galactose ([@B134]). The majority of *S. thermophilus* strains are unable to metabolize both free and intracellularly produced galactose, probably either due to insufficient activities of *galK* and *galM* genes or due to mutations in the *galR-galK* promoter region, which may interfere with the expression levels of the respective enzymes ([@B29]; [@B132]; [@B4]; [@B126]). Recently, [@B141] demonstrated that the Gal^+^ phenotype of *S. thermophilus* depends upon the expression of the *gal* operon, which can be widely affected by a single point mutation at the -9 box in the *galK* promoter. Since the accumulation of galactose in the medium by *S. thermophilus* may be important from a technological or nutritional perspective ([@B50]), we examined the presence of the mutation at the -9 box in the *galK* promoter in the strains analyzed. Accordingly, only B59671, CS8, EPS, and NCTC12958^T^ seem to be able to catabolize galactose, as they own the relevant G to A mutation in the position -9 of the -10 box related Gal^+^ phenotype (data not shown). However, experimental verification is required to validate this prediction.

Biosynthesis of EPS {#S3.SS4}
-------------------

One of the key technological properties of *S. thermophilus* is the production of EPS, which has been related to desirable textural properties and reduced syneresis in fermented dairy products ([@B87]; [@B57]). In a recent study, the EPS clusters of several strains were compared suggesting variations in the gene content of these loci ([@B24]). Our analysis revealed the presence of EPS gene clusters in all *S. thermophilus* strains examined. The size of the clusters ranged between 18,661 and 35,973 bp and the % GC content (34.3--36.4%) was found to be lower than the % GC content calculated for the complete genomes of all strains ([Supplementary Table S4](#SM4){ref-type="supplementary-material"}). All clusters are flanked by a purine-nucleoside phosphorylase (*deo*D) and a transporter protein as their boundaries ([Figure 6](#F6){ref-type="fig"}). The alignment of the EPS loci showed that they are highly conserved at the 5′ and the 3′ ends and their differences are located mainly in the middle of the clusters. At the 5′ end, genes *epsA*, *epsB*, *epsC*, and *epsD* were found in all EPS gene clusters and their role has been associated with the regulation of *eps* genes and chain elongation of the EPS molecules ([@B24]). The adjacent *epsE* gene coding a galactosyl-1-phosphate transferase was found in five out of 23 EPS gene clusters (strains CNRZ1066, CS8, EPS, S9, and SMQ-301). In the rest EPS clusters, *epsE* seems to encode a glycosyl-1-phosphate transferase. These enzymes initiate the assembly of the EPS repeating components through the transfer of phosphorylated sugars to the undecaprenyl-phosphate lipid carrier on the cytoplasmic side of the bacterial membrane ([@B16]; [@B139]). The sugar is transferred to the outer side of the membrane and this translocation process is probably facilitated by a flippase protein ([@B91]). All cluster A strains, including strain NCTC12958^T^, carried one flippase coding gene with the exception of strain ST3 which carried two. In contrast, all strains from cluster B seem to lack the respective gene with the exception of strain B59671.

![Multiple sequence alignment of the exopolysaccharide (EPS) gene clusters of the 23 *S. thermophilus* strains after BLASTN analysis. Gray shading represents the % identity among the nucleotide sequences according to the color gradient presented at the lower right corner of the figure. Protein coding genes are highlighted in dark blue, putative pseudogenes in orange, the *deoD* in yellow, the transporter gene in green and the unique genes for each *S. thermophilus* strain in beize. Clusters and subgroups of strains are highlighted.](fmicb-10-02916-g006){#F6}

The genes downstream *epsE* encode proteins with various functions related to EPS biosynthesis. Among them, glycosyltransferases are involved in the consecutive transport of nucleotide sugar moieties to the lipid carrier. Both the number and the type of the respective genes in the EPS clusters are variable and may influence the composition of the produced EPS ([@B24]). The current analysis revealed the presence of transferases commonly encountered in *S. thermophilus* EPS clusters, such as glucosyltransferases, galactosyltransferases, and rhamnosyltransferases. A UDP-galactopyranose mutase involved in the synthesis of UDP-galactofuranose was identified in half of the EPS clusters. Interestingly, only strains JIM 8232, GABA, and NCTC12958^T^ were found to carry a gene encoding a putative galactofuranosyl-transferase. Finally, genes implicated in the polymerization and translocation of the EPS repeating units have been also identified in all EPS clusters, as reported previously for *S. thermophilus* strains ([@B52]; [@B139]; [@B24]; [@B42]).

Based on synteny, the EPS gene clusters can be categorized practically in distinct groups, supporting AI, AII, AIV, and BI subgroups. EPS clusters of strains KLDS 3.1003 and ST3 were highly similar to subgroup AI. Similarities in EPS clusters were also observed beyond lineages, as in the case of strains GABA and NCTC12958^T^. Certain EPS gene clusters, namely those of strains ACA-DC 2, LMD-9, LMG 18311, and B59671, presented higher structural variability due to the presence of many unique genes, which are coding mostly hypothetical proteins and glycosyltransferases. These observations are in accordance with previous findings for strains LMD-9 and LMG 18311 ([@B52]). Of note, three recent studies have been performed to highlight molecular mechanisms of EPS production in strains ASCC 1275 and KLDS SM ([@B81]; [@B100]; [@B138]), while a fourth study suggests a protective role of purified EPS isolated from strain MN-BM-A01 against colitis in mice ([@B21]). The lineage like-patterns we observed among EPS gene clusters could potentially be useful for extrapolating findings from one strain to another. In all cases understanding of the EPS biosynthesis in *S. thermophilus* may allow a better selection of strains or even their engineering for improved dairy and probiotic products ([@B140]).

Proteolytic System {#S3.SS5}
------------------

The proteolytic system of LAB has been extensively investigated. A number of studies have revealed the diversity of its components, i.e., cell-wall bound proteinases, peptide and amino acid transporters and peptidases, among various LAB species ([@B118]; [@B85]). In the present study, the proteolytic system of *S. thermophilus* strains was examined on the basis of the scheme published by [@B85] and the recent work of [@B131]. The results acquired from the TransportDB database were also employed.

Due to the limited availability of free amino acids and peptides in milk, the degradation of caseins is essential for growth. In *S. thermophilus*, the cell-wall associated proteinase PrtS is implicated in the initiation of the proteolytic cascade ([@B61]; [@B52]; [@B131]). *prtS* is present in almost half of the strains examined. The analysis showed that the respective gene is present (intact or truncated) solely in cluster A strains with the exception of strains APC151, KLDS 3.1003, and ND03 ([Supplementary Table S5A](#SM5){ref-type="supplementary-material"}). As it has been previously reported, PrtS presents 95% identity to the PrtS protein of *Streptococcus suis* and the distribution of *prtS* in *S. thermophilus* strains is infrequent in historical collections compared to industrial ones, indicating acquisition by lateral transfer in the species population ([@B32]). PrtS has been related to the rapid growth of *S. thermophilus* in milk as a mono-culture and therefore in the rapid acidification of milk, which is a desirable technological trait. However, the sole presence of *prtS* is not sufficient for the rapid milk acidification by *S. thermophilus*. Milk acidification seems to be a complex phenotypic trait, which involves the overexpression of several genes ([@B45]). Furthermore, it was demonstrated that *S. thermophilus* strains, irrespective of the *prtS*^+/--^ status, may present cell-associated extracellular peptidase activities. These activities, albeit weaker than that of PrtS, could probably provide amino acids essential for *S. thermophilus* growth ([@B55]). The extracellular presence of PepX aminopeptidase in *S. thermophilus* was recently suggested ([@B56]). Nevertheless, it has been supported that only *prtS*^--^ *S. thermophilus* strains can perform protocooperation with *L. bulgaricus* ([@B121]).

Several peptide and amino acid transporters of various families have been predicted in all *S. thermophilus* strains ([Supplementary Table S5B](#SM5){ref-type="supplementary-material"}). The majority of these transporters belong to the ATP-binding cassette (ABC) superfamily and include one oligopeptide Opp ABC transporter, one branched-chain amino acid ABC transporter, one glutamine ABC transporter, four amino acid ABC transporters, one spermidine/putrescine ABC transporter and one methionine ABC transporter. In a number of instances, the gene clusters of these transporters may contain putative pseudogenes and thus may be not functional. It has been previously reported that strain LMD-9 carries a second Opp ABC transporter, which is homologous to that of *Bifidobacterium* species ([@B52]). This transporter is also present in strains SMQ-301 and ST3. Strains B59671, GABA, and NCTC12958^T^ have one extra amino acid ABC transporter, which displays high identity (90%) with the respective one of *S. salivarius* (data not shown). Furthermore, all strains carry four amino acid permeases of the amino acid-polyamine-organocation (APC) family. Additionally, strains ACA-DC 2, APC151, B59671, GABA, KLDS 3.1003, and ND03 carry a glutamate/GABA antiporter (*gadC*) ([Supplementary Table S5B](#SM5){ref-type="supplementary-material"}). The latter gene along with glutamate decarboxylase gene (*gadB*) are responsible for gamma-aminobutyric acid (GABA) production. It was recently demonstrated that strain APC151 is a high-yield GABA producer ([@B84]). In strain KLDS 3.1003 a unique histidine/histamine antiporter has been also identified (*hdcP*) ([Supplementary Table S5B](#SM5){ref-type="supplementary-material"}). The respective gene is located adjacently to a unique histidine decarboxylase gene (*hdcA*) and along with *hdcB* form the *hdc* cluster, probably acquired by HGT (please see below) which has been previously described in two other strains of *S. thermophilus* ([@B18]). From a physiological point of view, this gene cluster is probably implicated in cell protection under acidic conditions ([@B28]). The use of histamine-producing *S. thermophilus* strains should be avoided in dairy manufacture, since it has been demonstrated that *hdcA*^+^ *S. thermophilus* used as starter in cheese production was associated with the accumulation of histamine in the final product ([@B48]). One di-tripeptide transporter is present in all strains. A branched-chain amino acid permease and an amino efflux protein are also present in all strains, but for B59671 and ST3, respectively. The transport of the branched-chain amino acids leucine, isoleucine, and valine, as well as alanine, serine/threonine and glutamate/aspartate is probably facilitated by four symporters, three of them being present in all strains and only one in six strains ([Supplementary Table S5B](#SM5){ref-type="supplementary-material"}). In addition, a number of incomplete ABC transporters has been also predicted in all the strains analyzed (data not shown).

Besides PrtS, 12 highly conserved cytoplasmic peptidases have been identified in all strains, namely *pepA*, *pepC*, *pepF*, *pepM*, *pepN*, *pepO*, *pepP*, *pepQ*, *pepS*, *pepT*, *pepV*, and *pepX* ([Supplementary Table S5A](#SM5){ref-type="supplementary-material"}). Moreover, a number of peptidases, which have been identified in several LAB species, are missing from all *S. thermophilus* strains ([@B85]). More specifically, pyrrolidone-carboxylate peptidase (*pcp*) and proline peptidases *pepI*, *pepR*, and *pepL* are absent. Cysteine aminopeptidase (*pepE/pepG*) presents 40% identity with aminopeptidase C in all *S. thermophilus* strains, while a putative dipeptidase *pepD* is present but truncated in 14 *S. thermophilus* strains. It should be mentioned that the universal distribution of the majority of genes encoding proteins of the proteolytic system of *S. thermophilus* supports the essential role of the system.

Amino Acids Biosynthesis {#S3.SS6}
------------------------

The *in silico* analysis of amino acid biosynthetic pathways has been addressed in *S. thermophilus* ([@B61]). Experimental data for the species have been acquired for the biosynthesis of proline, branched-chain amino acids, glutamine and aspartate ([@B82]; [@B47]; [@B93]; [@B8]). Furthermore, [@B104] studied the amino acid metabolism and amino acid dependency of strain LMG 18311 through amino acid omission experiments, concluding that the minimal amino acid auxotrophy for the strain involves histidine and one of the sulfur-containing amino acids (methionine or cysteine). In some *S. thermophilus* strains amino acid requirements for growth involve at least four amino acids (Glu, Cys, His, and Met; [@B80]). It seems that amino acid auxotrophy may be a strain dependent trait.

Most amino acid biosynthetic pathways are highly conserved in the 23 *S. thermophilus* strains ([Supplementary Figure S4](#SM17){ref-type="supplementary-material"} and [Supplementary Table S6](#SM6){ref-type="supplementary-material"}). Analysis of *S. thermophilus* protein coding sequences, based on KEGG orthology assignments and [@B61], revealed that the majority of the amino acid biosynthetic pathways are present in all strains examined. Complete biosynthetic pathways in all *S. thermophilus* strains were predicted for threonine, cysteine, glycine, proline, glutamine, asparagine, phenylalanine, alanine, aspartate, and glutamate. Current annotations of all *S. thermophilus* strains in Refseq with prokaryotic genome annotation pipeline (PGAP) do not seem to support biosynthesis of lysine due to the absence of *dapE*, *dapH*, and *dapF* ([Supplementary Table S6](#SM6){ref-type="supplementary-material"}). An incomplete Dap-pathway was also reported for strains LMG 18311 ([@B61]) and LMD-9 ([@B52]). However, experimental evidence suggests biosynthesis of lysine in strains LMG 18311 ([@B104]) and MN-ZLW-002 ([@B108]) presumably through a complete Dap-pathway. We found that this discrepancy may be an artifact of annotation with the PGAP tool. Older *S. thermophilus* GenBank files, annotated with tools other than PGAP included a locus with three genes, the second of which is identified as a (truncated) *dapE* (data not shown). In contrast, in the same locus, PGAP predicts a single gene corresponding to a putative M20 peptidase pseudogene (e.g., locus_tag Y1U_RS01580 in strain MN-ZLW-002). We also tested other annotation tools, like rapid annotation using subsystem technology (RAST; [@B10]) and FGenesB ([@B124]) that also supported a three-gene architecture in the same locus, suggesting that further investigation is required to resolve this matter.

The most striking difference in the biosynthesis of amino acids among *S. thermophilus* strains examined concerns histidine. [@B61] reported absence of this gene cluster in strains CNR1066 and LMG 18311 but its presence in strain LMD-9. As mentioned above, the respective pathway is complete in strains of cluster A and strain NCTC12958^T^, while strains of cluster B carry only one related gene, namely *hisK* ([Supplementary Table S6](#SM6){ref-type="supplementary-material"} and [Figure 5B](#F5){ref-type="fig"}). Furthermore, several amino acid biosynthetic pathways seem to be incomplete in a number of strains. Analysis revealed that in strain B59671 several genes involved in amino acid biosynthesis are putative pseudogenes or absent compared to the other strains. In this strain glutamate, serine, methionine and tyrosine biosynthetic pathways may be non-functional. Concerning the rest of the strains analyzed, incomplete biosynthetic pathways have been identified for methionine in NCTC12958^T^ and ST3, arginine in MN-BM-A01, branched-chain amino acids in JIM 8232 and tryptophan in EPS ([Supplementary Table S6](#SM6){ref-type="supplementary-material"}).

In some cases, differences among genes involved in specific biosynthetic steps during amino acid biosynthesis have been also identified. In tryptophan biosynthesis, two adjacent genes, namely *aroG1* and *aroG2* ([@B61]), encoding 70% identical proteins, have been identified in all strains except for strains ST3, CNRZ1066, and CS8. The first strain carries only *aroG1*, while the last two only *aroG2*. These genes are involved in the first step of chorismate synthesis, an intermediate product during tryptophan biosynthesis. Concerning the biosynthesis of branched-chain amino acids, in all *S. thermophilus* genomes two *ilvD* genes have been identified; one belongs to the *ilvDBNC* operon, while the second is located remotely from the *ilvDBNC* locus and its functionality is yet to be studied ([@B61]). The *ilvD* within the operon is a putative pseudogene in most strains and it seems to be functional only in KLDS 3.1003, LMD-9, NCTC12958^T^, and SMQ-301. These observations need further experimental investigation.

Urea Metabolism {#S3.SS7}
---------------

*Streptococcus thermophilus* is perhaps the sole species among the dairy LAB with the ability to hydrolyze urea, a phenotypic trait, which affects adversely the milk acidification rate ([@B105]; [@B67]). The urease gene cluster is highly conserved in all *S. thermophilus* strains analyzed and comprises 11 genes in the form of an operon of 8.2 kbp size ([Supplementary Table S7](#SM7){ref-type="supplementary-material"}). It includes the acid-activated *ureI* gene, the structural genes *ureABC*, the accessory genes *ureEFGD* and the genes encoding the cobalt/nickel uptake system *ureMQO* (or *cbiMQO*) ([@B95]; [@B67]). The *ureI* gene is located upstream the structural genes and is coding a pH-dependent urea channel, which is probably activated for compensating the increase of the extracellular acidity. The *ureABC* genes are coding the three structural subunits of the enzyme, with *ureC* coding the large subunit and the remaining two genes coding the two smaller subunits ([@B98]). The auxiliary genes *ureEFGD* encode metallochaperones involved in nickel metallocenter biosynthesis and the delivery of nickel ions to the active site of the urease. More specifically, the urease apoenzyme forms a complex with the UreD, UreF, and UreG proteins, which is activated by the addition of nickel, bicarbonate and the metallochaperone UreE ([@B127]). The *ureMQO* system is probably responsible for the translocation of nickel ions into the bacterial cell as indicated by functional analysis of the homologous genes in *S. salivarius* ([@B22]).

The physiological role of *S. thermophilus* urease has not been thoroughly evaluated. Although it is considered a response mechanism to acid stress, it has been demonstrated that urease is produced at low levels also at neutral pH ([@B96]). The ureolytic activity of *S. thermophilus* is probably related not only to the biosynthesis of essential amino acids, e.g., glutamine, but to the overall nitrogen metabolism of the species, with the expression of the *ure* operon depending on aspartate, glutamate, glutamine, and NH~3~ concentrations ([@B93]; [@B8]). However, the rather uncommon urease-negative phenotype has been also reported for *S. thermophilus* strains, indicating that urease activity may not hold a vital role in milk fermentation ([@B94]). Recently, spontaneous urease-deficient mutants of *S. thermophilus* were isolated from *S. thermophilus* populations deriving from industrial yogurt starters. The stability of the mutated phenotype was confirmed, providing promising results regarding the potential use of urease-deficient strains as starters in dairy fermentations ([@B98]). However, in a recent study employing urease deficient mutants it was suggested that urease activity is important for yogurt acidification and that its absence inhibits fermentation acceleration during protocooperation with *L. bulgaricus* ([@B142]).

CRISPR-Cas Systems {#S3.SS8}
------------------

The CRISPR-Cas systems are defense mechanisms widely distributed in prokaryotes, providing acquired immunity against foreign genetic elements like viruses and plasmids ([@B62]). This immunity mechanism has been extensively studied in *S. thermophilus*, providing information concerning the environmental adaptability and the anti-phage activity of this microorganism ([@B117]; [@B88]; [@B58]). In addition, in certain studies spacers within CRISPR arrays in *S. thermophilus* were employed for assessing diversity among strains of the species ([@B63]; [@B34]). As mentioned above, [@B34] reported that MLST and whole genome based phylogeny differed from those inferred by CRISPR analysis. Here we revisit clustering of *S. thermophilu*s strains based on CRISPR analysis in the context of complete genome sequences that allowed us further validation of the diversity scheme we propose in this study.

As reported previously ([@B62]), up to four distinct CRISPR-Cas loci, i.e., CRISPR1, CRISPR2, CRISPR3, and CRISPR4 were identified in our *S. thermophilus* strains ([Supplementary Tables S8](#SM8){ref-type="supplementary-material"}, [S9A](#SM9){ref-type="supplementary-material"} and [Figure 7](#F7){ref-type="fig"}). CRISPR1 and CRISPR3 both belong to Class 2/subtype II-A CRISPR-Cas systems, while CRISPR2 and CRISPR4 belong to Class 1/subtype III-A and Class 1/subtype I-E CRISPR-Cas systems, respectively ([@B63]; [@B90]; [@B58]). Furthermore, one putative orphan CRISPR array structure was predicted by CRISPRFinder in strains JIM 8232 and LMG 18311, characterized by the absence of adjacent Cas proteins. The direct repeats (DRs) of this array in JIM 8232 were identical to the DRs of CRISPR3 in other strains, suggesting that it must have owned the relevant Cas proteins originally and subsequently lost them. In contrast, the DRs of LMG 18311 in the orphan array did not match any other DRs.

![Spacer sequences alignment of the various clustered regularly interspaced short palindromic repeats-CRISPR associated (CRISPR-Cas) system types found in the 22 *S. thermophilus* strains. In the alignments only the spacer sequences have been used. In each type of CRISPR-Cas system each spacer is represented by the combination of a character and a font color. The spacers represented in black font with the letter U correspond to unique spacers. Spacers represented by the same combination of a character and a font color correspond to identical spacers. Spacers of CRISPR1 **(A)**, CRISPR2 **(B)**, CRISPR4 **(C)**, and CRISPR3 **(D)**.](fmicb-10-02916-g007){#F7}

CRISPR1 was found in 22 out of the 23 *S. thermophilus* strains analyzed here, with ACA-DC 2 carrying no CRISPR array despite retaining CRISPR-related genes ([@B3]). CRISPR1 array size ranged between 760 and 2,805 bp. This size variability is associated with the number of spacers (11--42) in the arrays of the different strains. This is the largest CRISPR array within the *S. thermophilus* strains analyzed with the exception of strain ST3 ([Figure 7](#F7){ref-type="fig"}) and it has been reported to be ubiquitous in *S. thermophilus* strains ([@B63]). In strains B59671 and KLDS 3.1003 the gene coding the Cas9 protein is a putative pseudogene, indicating that the respective CRISPR-Cas systems might have been inactivated. Strains ASCC 1275, APC151, DGCC 7710, GABA, KLDS 3.1003, KLDS SM, LMD-9, MN-BM-A02, MN-ZLW-002, ND03, ND07, NCTC12958^T^, SMQ-301, and ST3 also carry CRISPR3. This CRISPR contains 8 to 26 spacers and in most cases is shorter than CRISPR1 ([Figure 7](#F7){ref-type="fig"}). A higher activity for CRISPR1 in comparison to CRISPR3 has been experimentally validated ([@B63]). In the case of CRISPR3, *cas9* is a putative pseudogene in strain MN-BM-A01, indicating that the specific system may have been also inactivated. It should be emphasized that CRISPR1 is detected in both cluster A and B strains, while CRISPR3 is present only in cluster A (apart from strain JIM 8232) and it is totally absent from cluster B strains. Based on analysis of the LMD-9 genome sequence, [@B63] proposed that the entire CRISPR3-Cas system may have been deleted or inserted in *S. thermophilus* strains through a recombination event between a repeat present in the terminal repeat of CRISPR3 and a repeat close to *serB* which flanks the system from one side.

CRISPR2 was found in strains ASCC 1275, DGCC 7710, GABA, KLDS 3.1003, KLDS SM, JIM 8232, LMD-9, LMG 18311, MN-BM-A02, ND07, SMQ-301, and ST3. Thus, CRISPR2 was present only in cluster A strains, apart from strain LMG 18311 which belongs to cluster B. Among the Cas proteins of CRISPR2, *cas1* is a putative pseudogene in strains KLDS 3.1003 and LMG 18311, while *cas10* is a putative pseudogene in strains LMD-9 and SMQ-301. Furthermore, the respective CRISPR-Cas systems of strains GABA and ST3 carry only three CRISPR-associated genes (*cas1*, *cas2*, and *csm6*) which indicates that they are incomplete. All these CRISPR2 systems carried a CRISPR array. However, additional "possible" CRISPR2 systems were predicted by CRISPRFinder owning an incomplete set of Cas proteins followed by a single spacer within two DRs ([Supplementary Table S9A](#SM9){ref-type="supplementary-material"}). Our findings suggest inactivation and/or degeneration of CRISPR2 in several strains. [@B63] reported that CRISPR2 may indeed be inactivated in certain strains, however [@B130] were able to demonstrate its activity in at least another strain. CRISPR4 was identified in strains ASCC 1275, B59671, DGCC 7710, KLDS SM, MN-BM-A02, and ND07. Genes *cse1* and *cas2* in strains ASCC 1275 and B59671, respectively, are putative pseudogenes. Interestingly, the CRISPR4 was basically found in subgroup AI strains. Further subgrouping could be supported not only through the presence/absence of CRISPR-Cas systems, but also through the distribution of different spacers, as discussed below.

A total of 997 spacers were found in the confirmed CRISPR-Cas systems of the 22 *S. thermophilus* strains with 93% being assigned in CRISPR1 and CRISPR3. Analysis of the respective sequences revealed that 258 are unique among 11 strains, namely NCTC12958^T^, JIM 8232, GABA, KLDS 3.1003, ST3, B59671, LMG 18311, LMD-9, SMQ-301, S9, and EPS, while 253 appeared more than once in the CRISPR arrays. As shown previously, CRISPR arrays may be employed for accessing strain diversity within *S. thermophilus* ([@B63]; [@B34]). Indeed, looking into the architecture of the CRISPR arrays we could identify once more patterns that are not shared by all *S. thermophilus* strains, but they are specific to the grouping of strains we have already described. For example, CRISPR1 supports subgroups AI, AII, AIII, and AIV. Subgroup BI is partially supported, since only strains CNRZ1066 and CS8 share the same CRISPR array. CRISPR3 supports subgroups AI, AII, AIII, and AIV. CRISPR4 has a unique pattern of spacers for subgroup AI. As mentioned above CRISPR2 is present only in cluster A strains, apart from strain LMG 18311 which belongs to cluster B, but the spacer pattern in the arrays could not distinguish any subgroup ([Figure 7](#F7){ref-type="fig"}). Most spacers were unique for each subgroup and were present in a specific order in the array. This observation suggests that this part of the array was present in the common ancestor of these subgroups of strains. However, in certain instances, a specific spacer could be found common between two seemingly unrelated arrays belonging to different subgroups of strains. Most probably such spacers were acquired by the common ancestor of each subgroup due to exposure to the same exogenous DNA that resulted in the acquisition of the same part of sequence into the specific CRISPR array. Evidently, these spacers were identified only in arrays of the same class and subtype CRISPR-Cas systems. Similar analysis of spacers to infer evolutionary relationships among *S. thermophilus* strains have been reported previously ([@B63]). However, when looking solely to the architecture of the CRISPR array it is very difficult to distinguish between clones or complexes of very similar strains that are not actual clones.

BLASTN analysis of the spacers showed that 317 sequences matched several different *S. thermophilus* bacteriophages ([Supplementary Table S9B](#SM9){ref-type="supplementary-material"}). Almost half of the spacers analyzed could be related to phages 7201, Sfi19, Sfi21, DT1, and Sfi11. This finding may indicate a high frequency of exposure of *S. thermophilus* to the specific phages. Finally, six spacers were highly identical to *Lactococcus* phages, while 12 spacers were highly identical to plasmids of *Enterococcus faecium*, *S. suis*, *Streptococcus pyogenes*, *S. pneumoniae*, *Lactobacillus salivarius* and *Lactococcus lactis*. These findings indicate that *S. thermophilus* has been found in the same environment with these bacteria. Furthermore, it could be hypothesized that at least some potential HGT events of plasmid donation toward *S. thermophilus* were aborted through the activity of CRISPR-Cas systems. Overall our findings are in agreement with previous results ([@B15]; [@B63]).

R-M Systems and Prophages {#S3.SS9}
-------------------------

Another immunity mechanism employed by the prokaryotes against foreign DNA are the R-M systems. All *S. thermophilus* strains analyzed carry several R-M systems, classified into four types ([@B114], [@B115]; [Supplementary Table S10](#SM10){ref-type="supplementary-material"} and [Supplementary Figure S5](#SM18){ref-type="supplementary-material"}). The majority of strains carry one complete type I R-M system with strains EPS, NCTC12958^T^, GABA, and KLDS 3.1003 carrying two. No type I R-M system was predicted for strain B59671, while in strains MN-ZLW-002, MN-BM-A01, and ST3 the predicted type I R-M system was incomplete due to the absence or inactivation of one or more of the necessary genes. This was the case for additional predicted type I systems in several strains. Certain *S. thermophilus* strains carry at least one type II system with strains LMD-9, MN-BM-A01, ND03, and APC151 owning three such systems. Unlike type I R-M systems, most type II systems seem to be complete and potentially active. One type III system is present in strains ACA-DC 2, CNRZ1066, CS8, EPS, S9, LMG 18311, NCTC12958^T^, and GABA. Finally, a type IV system has been predicted in almost half of the strains analyzed, which contains only a restriction enzyme that recognizes and cuts modified DNA.

A more detailed investigation revealed that type II and type III R-M systems are absent or inactivated from *S. thermophilus* strains of subgroup AI. For this reason, we wanted to examine whether the presence/absence pattern of R-M systems in *S. thermophilus* is lineage specific. As demonstrated in [Supplementary Figure S5](#SM18){ref-type="supplementary-material"} in several instances R-M systems are distributed on the chromosome in a manner that is characteristic for a potential lineage. This is particularly obvious for cluster A and more specifically for subgroups I, II, III, and IV. The R-M systems of strains in cluster B presented some similarities within the same subgroup, but they were more variable.

Despite the presence of the aforementioned defense mechanisms, complete prophages were also predicted for strains APC151, ND03, and NCTC12958^T^, while in the rest of the examined genomes only remnants of prophages have been identified (data not shown). In strains APC151 and ND03 the same prophage was predicted located within the EPS cluster of each strain. In strain NCTC12958^T^ the intact prophage was previously described as phage 20617 by [@B7]. Interestingly, the authors of this study demonstrated that the lysogenic strain NCTC12958^T^ (DSM 20617^T^) exhibited higher adhesion to solid surfaces and heat resistance compared to the phage-cured derivative strain, suggesting some competitive advantage due to the stable association of the phage and the host.

Genomic Islands {#S3.SS10}
---------------

Genomic islands acquired through HGT can provide adaptive and technological traits to the host microorganism ([@B70]). *In silico* prediction of HGT in *S. thermophilus* has been previously reported ([@B61]; [@B86]; [@B39]). In this study, the GIs predicted by IslandViewer 4 in *S. thermophilus* ranged from 5 to 23 per strain, with sizes between 3.5 and 58 kbp and variable GC content from 26.1 to 45.2% ([Supplementary Table S11](#SM11){ref-type="supplementary-material"}). A total of 253 GIs were predicted, 31 of which were unique in 11 strains. The rest of the GIs have been identified in at least two *S. thermophilus* strains, either complete or partial. Of note, the genome array of ribosomal proteins was predicted as part of a GI in a number of strains. This is a false positive result, since it has been reported that the nucleotide composition of these arrays differentiates significantly from the rest protein coding genes ([@B61]; [@B43]). Thus, these GIs (14 in total) were excluded from further analysis ([Supplementary Tables S11](#SM11){ref-type="supplementary-material"}, [S12A](#SM12){ref-type="supplementary-material"}). Several GIs were found to be present in both clusters A and B strains, while others were present either in cluster A or B strains. The first type of GIs was most probably acquired earlier than the second, i.e., before clusters A and B were separated. In accordance with what has been reported above for other genomic features, certain subgroups of strains display a unique distribution pattern of specific GIs that can support subgroups AI--AIV and BI ([Supplementary Figure S6](#SM19){ref-type="supplementary-material"}).

BLASTN analysis of the predicted GIs could not always reveal a potential donor. Nevertheless, a number of GIs could be traced back to specific microorganisms (coverage \>70%, identity \>90%; [Supplementary Table S12B](#SM12){ref-type="supplementary-material"}). The majority of species acting as potential donors belongs to the *Streptococcus* genus but also to other LAB like *L. lactis*, *Lactobacillus casei*, and *Leuconostoc gelidum*. In these last three cases GIs present high identity to plasmids carried by these organisms. In detail, specific GIs in subgroups AI, AII, and one GI in strain NCTC12958^T^ present high identity to plasmids pLd7/p229C of *L. lactis* subsp. *lactis* ([@B75]; [@B133]), pBD-II/pLC2W of *L. casei* ([@B1]; [@B20]; [@B125]) and plasmid 1 of *L. gelidum* subsp. *gasicomitatum* ([@B6]), respectively. It is interesting to highlight that strains of *S. thermophilus* seem to have also interacted with members of the *Streptococcus bovis*/*Streptococcus equinus* complex (SBSEC), namely *S. macedonicus*, *S. infantarius* subsp. *infantarius*, *Streptococcus gallolyticus*, and *S. equinus*. Members of the complex are established members of the gastrointestinal tract (GIT) of ruminants, while certain species like *S. macedonicus* and *S. infantarius* are increasingly associated with fermented foods, especially of dairy origin ([@B68], [@B69]; [@B103], [@B101]).

A detailed investigation of the annotated features of *S. thermophilus* GIs revealed that they could be involved in EPS biosynthesis in accordance with previous findings reported for strains CNRZ1066, LMD-9, and LMG 18311 ([@B86]). CRISPR-Cas and complete R-M systems have been also identified in GIs. This would include CRIPR3 and CRISPR4 and type I and III R-M systems. In addition, the 38.5 kbp GI 9 contains most part of the intact prophage in strain NCTC12958^T^ ([Supplementary Table S12A](#SM12){ref-type="supplementary-material"}). Our analysis supports the presence of bacteriocin coding genes in the GIs of a number of strains. However, [@B61] suggested that the activity of these antimicrobial peptides may not be always guaranteed due to the absence of genes coding for transport or immunity proteins or other differences. For example, the locus of a class II bacteriocin-like peptide (*blp*) was experimentally studied in strains CNRZ1066, LMG 18311, and LMD-9 and it was concluded that it is only functional in the last strain ([@B61]). In strain B59671, GI 5 carries genes of the *blp* gene cluster involved in the production of the bacteriocin thermophilin 110 ([@B110]). Finally, in GI 6 of strain GABA we found a locus containing several genes coding for leader peptides (including mutacin IV, BlpU, and bovicin 255), but transport or immunity proteins seem to be inactive or absent ([Supplementary Table S12A](#SM12){ref-type="supplementary-material"}). Moreover, several genes involved in amino acid transport have been found in the predicted GIs of *S. thermophilus* strains. Some of these include a glutamate:GABA antiporter in strains APC151, GABA, and ND03, a dicarboxylate/amino acid:cation symporter in strains APC151, KLDS 3.1003, MN-BM-A01, MN-ZLW-002, ND03, and ST3 and a complete amino acid ABC transporter in strains CS8, EPS, KLDS 3.1003, and S9. The *hdc* cluster of strain KLDS 3.1003 was also identified in a GI and BLASTN analysis revealed possible HGT from a satellite phage. Furthermore, GI 7 of strain JIM 8232 corresponds to the biosynthetic gene cluster of histidine. As already mentioned, this region is also present in all cluster A *S. thermophilus* strains (plus strain NCTC12958^T^) but for unknown reasons it was assigned as a GI only in JIM 8232. BLASTN analysis revealed that this region presents high identity to the SBSEC member *S. equinus* (92%) supporting its potential acquisition by HGT in *S. thermophilus* chromosome. In addition, genes involved in fatty acid biosynthesis were identified in GIs of strains APC151, GABA, MN-BM-A01, MN-ZLW-002, and ND03, while stress response genes, e.g., coding for cold-shock proteins were also identified in a number of strains, including ASCC 1275, CNRZ1066, KLDS 3.1003, LMG 18311, ND03, and ST3. Finally, the gene cluster *cbs*-*cblB*-*cysE* involved in the metabolism of sulfur-containing amino acids has been previously suggested to have been transmitted by HGT from *L. bulgaricus* or *Lactobacillus helveticus* to *S. thermophilus* ([@B86]). Current analysis revealed that the respective cluster was predicted as part of a bigger GI in 17 *S. thermophilus* strains. More specifically, this GI along with the three genes were identified in strains APC151, GABA, KLDS 3.1003, LMD-9, LMG 18311, MN-BM-A01, MN-ZLW-002, ND03, and SMQ-301, while in strains ACA-DC 2, ASCC 1275, CNRZ1066, CS8, MN-BM-A02, ND07, S9, and ST3 the *cysE* is a putative pseudogene ([Supplementary Table S12A](#SM12){ref-type="supplementary-material"}).

It should be mentioned that [@B120] identified four expendable GIs in the genome of strain LMD-9 with variable distribution in other sequenced strains. IslandViewer 4 did not predict GIs 1 and 2 reported in that study, while it detected GIs overlapping or included in GIs 3 and 4. These differences can be explained by the *in silico* methods employed to detect GIs. [@B120] employed a strategy combining the location of potentially essential open reading frames (ORFs) and highly similar insertion sequences (ISs) which is distinct from the strategies employed by the tools included in IslandViewer 4.

*S. thermophilus* Genes Implicated in Protocooperation With *L. bulgaricus* {#S3.SS11}
---------------------------------------------------------------------------

The bacterial pair of *S. thermophilus* and *L. bulgaricus* is routinely employed in yogurt production. The mutually beneficial interaction between these bacteria in the yogurt ecosystem, known as protocooperation, is based on the exchange of metabolites and results in improved metabolic performance related to accelerated acidification, enhanced EPS production and abundance of aroma volatiles. Initially, *S. thermophilus* boosts the growth of *L. bulgaricus* by lowering the pH and providing formic, pyruvic and folic acid as well as carbon dioxide. Subsequently, *L. bulgaricus* stimulates *S. thermophilus* growth by producing peptides and free amino acids ([@B121]). Transcriptome analysis of a mixed *S. thermophilus* and *L. bulgaricus* culture also supports that metabolites like formic and folic acid produced by *S. thermophilus* are utilized by *L. bulgaricus* as precursors in purine biosynthesis ([@B123]). *S. thermophilus* carries genes encoding pyruvate formate lyase (PFL) and pyruvate formate-lyase activating (PFLA) enzyme, while *L. bulgaricus* lacks these genes ([@B99]). Our analysis revealed the presence of both *pfl* and *pflA* in all *S. thermophilus* strains examined ([Supplementary Table S13](#SM13){ref-type="supplementary-material"}).

In addition, a number of studies have been performed concerning the role of PrtS produced by *S. thermophilus* during manufacture of dairy products, especially yogurt. For example, PrtS production may positively affect *S. thermophilus* growth in a pure culture, but it may be neutral in a mixture with *L. bulgaricus* strains producing the protease PrtB ([@B23]). In a more recent study, it was demonstrated that only non-proteolytic *S. thermophilus* strains performed protocooperation with *L. bulgaricus* ([@B121]). As already mentioned, the majority of cluster A strains carries *prtS*, while it is absent from all cluster B strains, indicating that the latter may be more appropriate for protocooperation. However, specific *S. thermophilus* strains carrying the *prtS* have been shown to exhibit weak or no PrtS activity ([@B46]; [@B25]). In our dataset in strains MN-BM-A01 and SMQ-301 *prtS* was found to be truncated, an observation that may support to a degree the findings by [@B46]. Furthermore, it was recently reported that *prtS*^+^ strains may also present some technological advantages ([@B131]). We thus believe that more research is needed to establish the actual role of *prtS* regarding protocooperation.

The response of *S. thermophilus* to H~2~O~2~ produced by *L. bulgaricus* has also been studied. It appears that there is an inverse correlation between iron intake by *S. thermophilus* and H~2~O~2~ production by *L. bulgaricus*, and that *S. thermophilus* in the presence of H~2~O~2~ is regulating iron metabolism in order to diminish the production of harmful reactive oxygen species (ROS) ([@B60]; [@B123]). However, the results of two different studies are rather diverge. In one study, the expression patterns of *S. thermophilus* genes related to iron transport in the presence of *L. bulgaricus* were found to be upregulated ([@B123]), while in another study downregulated ([@B60]). Only *dpr* (peroxide resistance protein) and *fur* (ferric transport regulator protein) were found upregulated in both studies. *In silico* analysis of the 23 *S. thermophilus* strains revealed that *dpr* and *fur* belong to the core genome, while the iron ABC transporter is absent from strains JIM 8232, MN-ZLW-002, ND03, APC151, MN-BM-A01, and ST3 ([Supplementary Table S13](#SM13){ref-type="supplementary-material"}).

A novel protocooperation relationship between *S. thermophilus* and *L. bulgaricus* in yogurt fermentation concerns the bi-functional glutathione (GSH) synthetase gene of *S. thermophilus*, which produces GSH ([@B136]). The respective gene was found to be conserved in all 23 *S. thermophilus* strains analyzed ([Supplementary Table S13](#SM13){ref-type="supplementary-material"}). In a recent study, it was demonstrated that GSH produced by *S. thermophilus* provided protection to both *S. thermophilus* and *L. bulgaricus* cells toward acid stress. Additionally, the secreted GSH could enhance the growth of *L. bulgaricus* ([@B136]). Finally, genes related to EPS production were found to be upregulated in both microorganisms in a mixed culture when compared to monocultures, and thus they may play an important role in the texture of the final product ([@B123]). Given the heterogeneity observed in the EPS gene cluster of *S. thermophilus* strains, no mechanistic insight could be inferred.

Conclusion {#S4}
==========

*Streptococcus thermophilus* is a starter of great economic significance for the dairy industry contributing to the production of world-wide consumed dairy products like yogurt and cheeses. A number of studies have been published in an attempt to explore and interpret various features of the species biology related to its technological potential. This became more feasible during the last two decades with the sequencing of genomes of *S. thermophilus* strains. In this study we analyzed 23 fully sequenced genomes of *S. thermophilus* in order to examine features of the species related to technological and evolutionary traits. Even from the beginning of our study, it became evident that strains of *S. thermophilus* present some variability considering the properties of the genomes (e.g., size, gene content, % of pseudogenes, rRNA and tRNA content). Core genome and ANI phylogenetic analysis revealed a specific pattern of clustering of strains ([Figure 8](#F8){ref-type="fig"}). A main observation was that most strains could be separated in two major clusters. Cluster A was characterized by larger genomes, the presence of *prtS* in the majority of strains, the inclusion of a histidine biosynthesis gene cluster, as well as the presence of certain CRISPR-Cas system types and specific GIs. Strains in cluster B diversified from those in cluster A in all these aspects. These observations indicated the existence of at least two major lineages in *S. thermophilus* that appear at ANI values \>98%. Further investigation suggested the presence of subgroups within the two clusters, i.e., subgroups AI--AIV and BI. The existence of these subgroups was also supported to a variable degree during COG analysis as well as the presence/absence pattern of specific loci and/or their organization, i.e., EPS clusters, CRISPR arrays, R-M systems and GIs. Clustering of *S. thermophilus* strains based on the spacers of CRISPR arrays has been performed before ([@B63]; [@B34]). Given the fact that CRISPR arrays can provide a retrospective view of the history of each strain based on the parasitic DNA it was exposed to, spacer sequences of the CRISPR1 which is present practically in all strains support the existence of evolutionary distinct lineages in *S. thermophilus*. Biodiversity within strains of *S. thermophilus* has been previously suggested using CRISPR array and/or MLST clustering ([@B63]; [@B32], [@B34]; [@B143]). In our opinion, clustering of strains according to CRISPR array architecture or even MLST has important advantages (e.g., the ability to screen many strains), but these approaches may derive more easily to the characterization of potential clonal strains due to the use of limited genomic information. In contrast, whole genome phylogeny based on core genes should be more robust, while analysis of complete genome sequences may provide even more information concerning the discrimination of strains based on loci beyond core genome, like accessory genes or even unique genes. The subgroups we describe appeared at ANI values well above 99%, an observation that could indicate that they derive from clonal strains. A closer investigation of the data presented in this study suggests in some cases differences among strains of the same subgroup. For example, this becomes obvious when considering the exact sizes of the chromosome of the strains, the exact gene content (including accessory genes but also genes that are exclusively absent from a specific strain). In some instances, differences were observed in the EPS clusters, the distribution of R-M systems and GIs of strains within the same subgroup. Even though the differences among strains of the same subgroup may be rather subtle thus justifying the high ANI values at which their relatedness appears, they diversify strains beyond the strict definition of clones. Our analysis concerning the genome assemblies of the strains suggested a quality level that may not interfere with the grouping scheme we describe. Nonetheless, apart from the differences identified among the strains, our analysis also validated common features or features beyond the clustering pattern mentioned above ([Figure 8](#F8){ref-type="fig"}). These would include characteristic traits for the adaptation of *S. thermophilus* to milk, like the conserved *gal-lac* and urease operons, the extended arsenal of peptidases and amino acid/peptide transporters in parallel to genes related to protocooperation. The high percentage of pseudogenes has been related to the reductive evolution of *S. thermophilus* during adaptation to rich in nutrients dairy niches ([@B14]; [@B61]; [@B52]). This trait was also apparent in all strains analyzed here. Interestingly, features related to milk adaptation seem to be also present in APC151. The strain does not diversify from the dairy strains, even though it was the only strain in our dataset that was isolated from a non-dairy environment, i.e., the fish intestine. This was also suggested previously ([@B83]). This relatively odd observation highlights the need to study strains found in environments different than milk and dairy products to fully apprehend the evolution of the species. Finally, the pan genome of the species is not closed yet, suggesting that sequencing of additional strains will be important. Certain new complete genomes have appeared in the databases since the initiation of our analysis ([@B106]; [@B111]), but more are required to further expand and validate any lineage-like patterns that may exist and could be related to the technological/probiotic repertoire of *S. thermophilus*.

![Schematic representation of structural and functional genomic traits that support the distinction of *S. thermophilus* strains in clusters A and B. The genomic features included in the common area of the Venn diagram are either present to all strains or they exhibit a presence/absence pattern beyond clusters A and B.](fmicb-10-02916-g008){#F8}
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ABC

:   ATP-binding cassette

ANI

:   average nucleotide identity

APC

:   amino acid-polyamine-organocation

blp

:   bacteriocin-like peptide

BPGA

:   bacterial pan genome analysis

COG

:   clusters of orthologous groups

CRISPR-Cas

:   clustered regularly interspaced short palindromic repeats-CRISPR associated

DRs

:   direct repeats

EFSA

:   European Food Safety Authority

EPS

:   exopolysaccharide

FDA

:   Food and Drug Administration

GABA

:   gamma-aminobutyric acid

GIs

:   genomic islands

GIT

:   gastrointestinal tract

GRAS

:   generally recognized as safe

GSH

:   glutathione

HGT

:   horizontal gene transfer

ISs

:   insertion sequences

KEGG

:   Kyoto Encyclopedia of Genes and Genomes

KOALA

:   KEGG orthology and links annotation

LAB

:   lactic acid bacteria

LCBs

:   local collinear blocks

MiGA

:   microbial genomes atlas

MLST

:   multilocus sequence typing

ORFs

:   open reading frames

PFGE

:   pulsed-field gel electrophoresis

PFL

:   pyruvate formate lyase

PFLA

:   pyruvate formate-lyase activating

PGAP

:   prokaryotic genome annotation pipeline

QPS

:   qualified presumption of safety

RAPD

:   random amplification of polymorphic DNA

RAST

:   rapid annotation using subsystem technology

R-M

:   restriction-modification

ROS

:   reactive oxygen species

SBSEC

:   *Streptococcus bovis*/*Streptococcus equinus* complex.
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